Hongu, N, Orr, BJ, Roe, DJ, Reed, RG, and Going, SB. Global positioning system watches for estimating energy expenditure. J Strength Cond Res 27(11): 3216-3220, 2013-Global positioning system (GPS) watches have been introduced commercially, converting frequent measurements of time, location, speed (pace), and elevation into energy expenditure (EE) estimates. The purpose of this study was to compare EE estimates of 4 different GPS watches (Forerunner, Suunto, Polar, Adeo), at various walking speeds, with EE estimate from a triaxial accelerometer (RT3), which was used as a reference measure in this study. Sixteen healthy young adults completed the study. Participants wore 4 different GPS watches and an RT3 accelerometer and walked at 6-minute intervals on an outdoor track at 3 speeds (3, 5, and 7 km/hr). The statistical significance of differences in EE between the 3 watches was assessed using linear contrasts of the coefficients from the overall model. Reliability across trials for a given device was assessed using intraclass correlation coefficients as estimated in the mixed model. The GPS watches demonstrated lower reliability (intraclass correlation coefficient) across trials when compared with the RT3, particularly at the higher speed, 7 km/hr. Three GPS watches (Forerunner, Polar, and Suunto) significantly and consistently underestimated EE compared with the reference EE given by the RT3 accelerometer (average mean difference: Garmin, 250.5%; Polar, 241.7%; and Suunto, 241.7%; all p , 0.001). Results suggested that caution should be exercised when using commercial GPS watches to estimate EE in athletes during field-based testing and training.
INTRODUCTION
T he health-related benefits of physical activity (PA) are well recognized. Among many modes of PA, walking has been shown to be feasible and efficacious for disease prevention and rehabilitation (14) . Walking also contributes to significant total daily energy expenditure (EE) in low to moderate PA. Thus, there is great interest in developing methods for estimating EE that can be used by both health professionals and the general public for monitoring EE during PA, although measuring both the quantity (time and distance) and quality (intensity and pattern) of PA.
A wide range of methods are used for estimating EE in laboratory and field settings. In general, indirect calorimetric and the doubly labeled water (DLW) technique are considered criterion measures for estimating physical activity-related EE (15) . Indirect calorimetry estimates EE from O 2 consumption and CO 2 production, which provides an accurate and reliable measure of EE. The DLW technique has been validated by comparison with indirect calorimetry as considered the gold standard for estimating EE (25) . The DLW technique can be administered easily in free-living conditions; however, measurements must be taken over at least a 3-day period (11) . Indirect calorimetry has been used to validate accelerometers, pedometers, and heart rate monitors. Major limitations associated with indirect calorimetry and DLW methods are their excessive cost and the specialized technique required for analysis. When DLW or indirect calorimetry are not possible, motion sensors that detect body movement and provide an estimate of PA, such as accelerometers, pedometers, and global positioning system (GPS) tracking systems with real-time data storage capabilities could provide promising alternatives.
Accelerometry-based motion sensors are one of most commonly used methods for measurement of PA in adults and children (18, 28) . Accelerometers detect total body displacement and can be used to assess frequency, duration, and intensity of exercise (1) . Acceleration is sampled periodically in 1 (uniaxial) to 3 (triaxial) planes, transformed to a digital representation, and processed to obtain an activity count.
The raw activity counts are converted into EE by residential proprietary algorithms incorporating subject characteristics (i.e. weight, height, and age). The RT3 triaxial accelerometer (Stayhealthy, Inc., Monrovia, CA, USA) measures acceleration in 3 (vertical, horizontal, and mediolateral) planes (3, 10) . To date, a large numbers of studies have examined the validity and reliability of the RT3 triaxial accelerometer in the laboratory setting, including walking and running at standardized speeds on a treadmill (7, 22, 24) and using a shaker table (12) . These laboratory-based studies reported a strong positive correlation between RT3 accelerometer output and EE measured by indirect calorimetry (7, 22) . Recent studies have also demonstrated no differences in RT3 accelerometer output when comparing treadmill and level-ground walking at normal walking speeds in healthy individuals (6, 29) . To date, only a few studies have validated the RT3 against DLW. Jacobi et al. (8) reported that physical activity EE estimates from the RT3 correlated significantly with physical activityrelated EE from DLW (r = 0.67, p , 0.05) at the group levels in overweight/obese subjects. Recently, Maddison and Ni Mhurchu (17) supported the findings of Jacobi et al. (8) that the RT3 gives an accurate assessment of free-living activity EE (DLW and the RT3 activity counts; r = 0.32, p , 0.05) in mixed weight men and women. The small size (71 3 56 3 28 mm, 65.2 g) of the RT3, together with its objective, reproducible, and noninvasive method, makes it an attractive option in field settings.
Wearable GPS device is a promising tool to quantify workload and for improving the description between highintensity and low-intensity exercises and estimating exerciseassociated EE. The GPS is a satellite-based navigation system that allows coaches and trainers to determine and compare position, pace/velocity (walking or running speed), altitude change (slope) as players move, and duration of training in real time. Global positioning systems has been applied in studies of biomechanics (27) , sports/exercise physiology (13, 19, 23 ), player's movement patterns (5) , and physical demands in elite athletes on the field in real time (4, 19) . Recently, GPS and training assessment have been integrated into a single device, commonly called a GPS watch, which continuously records location and also computes EE. However, in studies of the validity and reliability of GPS devices, discrepancies in the measurements of peak speeds and total distance have been reported (5, 9, 16, 31) . Several brands of GPS watches are now available, and all devices provide the estimation of EE. However, little work has been done to compare EE estimates from different GPS watches with other criterion instruments, such as accelerometers. Therefore, the goal of this study was to compare EE estimates from 4 brands of GPS watches with a criterion measure (RT3 accelerometer) during 3 different walking speeds in a controlled setting, that is, healthy adults walking at 3 known paces (i.e. 3, 5, and 7 km/hr; slow to brisk walking) on a standard outdoor athletic 400-m track. The null hypothesis was that there would be no difference in EE estimated using these GPS watches as compared with the EE estimated by the criterion RT3 triaxial accelerometer under controlled conditions. The ultimate aim of this study was transfer of knowledge on the practical applications for wearable GPS device use to improve monitoring in healthenhancing physical activity walking programs.
METHODS

Experimental Approach to the Problem
To examine whether GPS watches accurately estimate EE while walking outdoors, EE for commercially available GPS watches (Adeo, Forerunner, Suunto, and Polar; see below, GPS watches) was compared with EE for RT3 triaxial accelerometer (Stayhealthy, Inc.). Each participant walked on a 400-m outdoor track wearing all 4 GPS watches and the RT3 triaxial accelerometer. The validity and reliability of the estimate of EE were assessed by comparing EE estimated by the criterion RT3 triaxial accelerometer (7, 22) and GPS watches for 4 trials (6 minutes per trial) at 3 different walking speeds. Participants were free from cardiovascular or metabolic diseases or physical impairments that would interfere with participation in walking.
GPS Watches
Four models of commercially available GPS watches were used in this study: GPS Fitness Trainer (Adeo, no longer available); Forerunner 305 (Garmin, Olathe, KS, USA); RS 800 G3 Heart Rate Monitor with GPS sensor (Polar, Kempele, Finland); and Multi-sport Pack Heart Rate Monitor with GPS pod (Suunto, Vantaa, Finland). These GPS watches were chosen based on our comprehensive review of 22 available GPS watches, including features of time, distance, speed, pace, calories, heart rate, laps, elevation, cadence, stride length, calorie expenditure, waypoint, data transfer, Wide Area Augmentation System, prices, and expectations of each GPS watch.
RT3 Accelerometer
Subject's weight, height, age, and gender were entered although initializing the RT3. Minute-by-minute (60-second epoch) data were collected along all 3 planes and converted to EE, expressed in total calories per minute, using the manufacturer's equation (Stayhealthy, Inc.).
Subjects
Seven male (age: 21.3 6 1.5 years; height: 178.5 6 4.3 cm; body mass: 72.7 6 8.3 kg; body mass index [BMI]: 22.8 6 2.3 kg/m 2 ) and 9 female (age: 22.6 6 2.6 years; height: 164.3 6 8.1 cm; body mass: 60.9 6 7.4 kg; BMI: 22.5 6 1.4 kg/m 2 ) healthy college students volunteered for the study. Written informed consent was obtained from all participants before the study. The participants were made aware of their ability to withdraw from the study at any time. Study procedures were approved by the University institutional review board. The participants were informed about walking in the consent form as follows: "You will be asked to walk for 6 minutes at 3 km/hr (slow walk), 5 km/hr (normal walk), and 7 km/hr (faster walk). You will be asked to walk at each speed 4 times. You will have rest between the speeds. Two other project members will walk with you to maintain your pace at 3, 5, and 7 km/hr and keep record of walking. We will also use a metronome to keep desired speed." Also at the recruitment, individuals who were interested in participating in the study were asked whether they can walk for approximately 1 hour in 6 minute intervals with time to rest in between. All participants were familiarized with the data collection system before actual testing in the field.
Procedures
Before field testing, height and body mass were measured in the laboratory. During field testing, participants simultaneously wore 4 GPS units and an accelerometer (RT3), although walking on a track at constant speeds. Three GPS watches were worn on the wrist, the RT3 was worn on the waist, and the Adeo GPS Fitness Trainer was worn on the right arm. Each participant was accompanied by 2 staff members and walked on a 400-m outdoor track at 3 speeds (3, 5, and 7 km/hr; slow to brisk walking). "Slow" to "brisk" walking were defined according to walking speed of healthy adults reported in the literature (2, 20) . To ensure a constant walking speed, a metronome was used and 2 staff members accompanied participants during the whole trial. Each participant completed 4 six-minute trials at each speed (12 total bouts of walking) with rest (5 minutes, standing) for a recovery period between trials. All the participants were tested during a single day on a sunny morning or late afternoon when the outside temperature was between 15-18ºC. The participants were advised to wear comfortable walking clothes and shoes and to bring water, sunblock, and a hat for comfort. The data from the GPS watches and the RT3 were downloaded to a computer at the end of each session for later analysis.
Statistical Analysis
For descriptive purposes, mean EE estimated from RT3 and GPS devices was calculated across trials for each participant. When instrument problems occurred in a trial, the observations were counted as missing values and were not used in the analysis. Means and standard deviations were computed for each device and speed. The average coefficient of variation (SD across trials within a participant divided by the mean) was computed as an estimate of the variability across trials within a participant. The observed EE values were highly skewed. The effects of speed and trial on EE for the GPS watches and the RT3 were investigated using a linear mixed model, to account for the correlations among the measurements obtained on the same individual. The logarithm of EE was used as the dependent variable due to the skewness in the observed values. The overall model compared EE estimated by the 3 GPS watches with the EE estimated by RT3. The statistical significance of differences in EE between the 3 watches was assessed using linear contrasts of the coefficients from the overall model. Due to the potential for an inflated alpha level due to multiple comparisons, only p values ,0.01 were considered statistically significant. Effect sizes were estimated using the beta coefficients from the linear mixed model (30) . Reliability across trials for a given device was assessed using intraclass correlation coefficients (ICCs) as estimated in the mixed model. Comparison of the distances measured by the Forerunner vs. Suunto devices was also performed using a linear mixed model. All analyses were performed using STATA 10.0 (26) .
RESULTS
All participants completed all 12 bouts (3 speeds 3 4 trials), which involved simultaneous measures by 4 GPS watches and the RT3. There were a total of 98 missing EE values (Adeo: n = 65, Forerunner: n = 4, Polar: n = 9, Suunto: n = 12, and RT3: n = 8). Because missing values from Adeo accounted for 68% of the missing data (stopped working and/or lost GPS signal during testing), this device was excluded from further comparisons. Means and SDs across trials for each device and speed are shown in Table 1 , with the average coefficient of variation. The full model, including interactions between speed and device, resulted in statistically significant interactions between devices (Polar and Suunto) and the highest speed (both p , 0.001). Results are therefore presented separately for each speed. The 3 GPS watches (Forerunner, Polar, and Suunto) significantly, and consistently, underestimated EE compared with the reference EE given by the RT3 accelerometer (average effect size: Forerunner, 254%; Polar, 249%; and Suunto, 251%; all p , 0.001). Differences between the 3 GPS watches depended on the speed (Table 1) . At speed 3, there were no statistically significant differences among the 3 GPS watches, whereas at speed 5, Forerunner estimated significantly higher EE than Polar (13%; p = 0.007). At speed 7, all GPS watches gave significantly different estimates of EE. Polar gave a higher estimate than Suunto (18%; p , 0.001), which gave a higher estimate than Forerunner (22%, p , 0.0001). The GPS watches demonstrated lower reliability ICC across trials (ICC = 0.36 for Forerunner, ICC = 0.40 for Polar, ICC = 0.56 for Suunto) when compared with the RT3 (ICC = 0.92).
One potential explanation for the differences in EE observed among the GPS watches is that they measured different distances traveled. Distance was available for the Forerunner and Suunto watches only. There was a statistically significant interaction between device and speed (both p , 0.003), so results are presented separately for each speed. There were statistically significant differences in the distances measured between the 2 devices across the 3 speeds, but the direction and magnitude differed. For speed 3, Suunto underestimated the difference measured by Forerunner (effect size: 12 meters; p , 0.001), whereas for speeds 5 and 7, Forerunner underestimated the difference measured by Suunto (12 meters, p = 0.032 and 22 meters, p , 0.001, respectively).
DISCUSSION
The results of this study demonstrate variations among GPS watches in estimating EE. All units use proprietary prediction equations to estimate EE, typically using age, body weight, height, and gender as required independent variables in the EE calculation. The GPS watches of different manufacturers provided different estimates of EE, particularly at the highest speed (7 km/hr), and reliability was poor. A previous study identified relatively lower reliability for the RT3 when tested at low frequencies in a mechanical setup (21) . Reliability in the current study reflects both intrainstrument variability and human variability among 4 trials. Reliability was poorer for the GPS watches than the RT3. These GPS watches underestimated EE compared with the reference EE provided by the RT3 accelerometer. In this pilot study, it is not easy to speculate why differences were found at 7 km/hr for Polar, Suunto, and Forerunner. There may be something unique to higher speeds that affect the EE measurement using GPS watches as compared with using the RT3 accelerometer. The observation that there were significant differences in the distances measured by Forerunner vs. Suunto may contribute to the difference in EE. The findings agree with the consensus that the use of GPS receivers/ watches alone is not an adequate tool for the estimation of EE (17) . Study limitations include no information on the participant's typical activity level (frequency and duration of weekly exercise/sport training sessions), fitness level (V _ O 2 max measured or estimated), and familiarity with walking at different speeds.
There are many considerations and some important limitations to take into account when using GPS technology for training and EE measurement. Although GPS devices accurately detect a person's location, speed and elevation, the GPS satellite signal is affected by environmental conditions (urban location, heavy tree cover, thick cloud) that can result in the loss of co-ordinate data during studies. To reduce these problems, our experiment was conducted at a walking track field free of environmental barriers, and data were collected on clear days (i.e. no cloud coverage). At each session, each GPS watch was allowed to initialize (i.e. to acquire the necessary signals from the satellite), and then the GPS clocks in all of GPS watches were synchronized with the satellite's atomic clock. Consequently, there were few problems with loss of data. In the present study, the participants walked at a controlled speed/pace on a track for only 6 minutes to assess the performance of the GPS watches under ideal conditions. It is important that future studies compare the performance of GPS watches over a longer walking distance that covers a variety of conditions such as varying tree cover, buildings or passing inside a building. It is of interest to assess the variation in GPS watches' EE compared with the RT3 accelerometer or any other motion detecting devices under other conditions. A unit with combined functions of GPS technology and accelerometer, such as a smart phone with GPS and accelerometer, may be beneficial for studies examining serial measurements of repeated athletic performance and may allow health professionals to monitor EE in free-living conditions.
PRACTICAL APPLICATIONS
GPS technology has been used in athletes to quantify movement in training. However, commercial GPS watches maybe limited for the assessment of brief higher speed movement, which is also in agreement with a previous study (9) . The results of this study suggested that the GPS watches tested in this study provide less reliable estimates of EE during walking, especially at higher speeds (7 km/hr). Nevertheless, GPS watches are portable, relatively inexpensive, noninvasive and provide distance, speed, and elevation with exact time and location. The measurement error should be considered when comparing results from individuals wearing different GPS watches and other devices measuring EE, such as an accelerometer. At present, GPS watches can be used in sports or health-enhancing walking programs to quantify movement patterns, but should not be used for providing EE in competition or research purposes.
